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USE OF FLUORESCEIN IN AEROSOL STUDIES

1. INTRODUCTION

Many aerosol studies require well defined aerosols that have suitable chemical and physical
properties for the particular purpose of the experiment. Fluorescein has been used as a tracer in aerosol
studies for detection and quantification of aerosols. Small quantities of fluorescein can be detected in
samples due to the extreme sensitivity of fluorometry and the large fluorescent cross section of
fluorescein. For example, fluorometry has been used in research studies to determine uranium in air, soil,
and biological materials (Lodge 1988), and to determine the collection efficiency of filters and samplers
(McFarland et al., 1987). There are many factors that affect fluorometry: intensity and wavelength of
primary light, band width of excitation and emission filters used in the fluorometer, and the pH of the
sample (Lodge 1988). The disadvantage of fluorometry is that it is non-specific and the fluorescence of
many compounds fades very rapidly (Lodge 1988).

Fluorescence is shown by organic compounds that have conjugated double bonds (alternating
single and double bonds). These compounds emit longer wavelength light when excited by a radiation-
source of appropriate higher energy or shorter wavelength (Lodge 1988). The emitted light is of longer
wavelength because energy is lost in the internal transitions of the molecule. At low fluorescein
concentrations, the emitted light is proportional to the concentration of the compound.

Many forms of fluorescein have been used by researchers: fluorescein, sodium fluorescein
(uranine) (Lodge 1988), and ammonium fluorescein (Stober and Flachsbart 1973). Uranine particles are
hygroscopic while ammonium fluorescein particles are not. However, hygroscopicity is of little
consequence when fluorescein is used as a tracer in oil droplets, which is the most common contemporary
application in aerosol applications of fluorescein. One advantage of using oil droplets is that they do not
bounce when they impact or settle on surfaces. Therefore, fluorescein tagged oil droplets are used in
studies where there should be no particle bounce.

Fluorescein tagged particles have been used in studies for a long time. The use of fluorescein
tagged aerosol in tests as a meteorological tracer was reported by Robinson et al. (1959). In this study,
uranine was aerosolized for field tracer tests by spraying a solution of the dye into the air using a specially
designed nozzle and high pressure air from a field compressor. The analysis of the fluorescein sample
was conducted using a fluorescence meter. Since then fluorescein tagged aerosols have been used by
many researchers. Burgess et al. (1961) used uranine aerosol to test respirator performance and following
this, the use of fluorescein in evaluation of respirator performance was adapted by the Bureau of Mines
(Ferber 1966). Schulz et al. (1960) used uranine to measure stack emissions. Stein et al. (1966) measured
the density of uranine aerosol particles so that they can be used to calibrate an aerosol spectrometer.
Stober and Flachsbart (1973) evaluated ammonium fluorescein as a laboratory test aerosol. Fluorescein
tagged aerosols were used by Chandra and McFarland (1997) in wind tunnels to evaluate inlets

In experimental work, fluorescein tagged aerosols are sampled onto filters. The fluorescein is
then transferred to a solution and a fluorometer is used to analyze the fluorescence intensity (FI) of the
solution. The objective of this study was to confirm that the procedure used to recover and detect
fluorescein from filters is accurate. Finally, penetration efficiencies of two aerosol transport tubes were
experimentally determined and compared to theoretical predictions using Deposition, version 4.0
(McFarland 1996).




2. EXPERIMENTAL METHODS, RESULTS AND DISCUSSION

2.1. Optimum Excitation and Emission Wavelengths for Fluorescein

This test was conducted to determine the optimum excitation wavelength of a fluorescein sample
(Chemical Abstracts Registry No. CAS-518-47-8, Acros Organics, NJ) and its corresponding emission

spectrum.

For most materials the optimum excitation wavelength is equal to the highest UV absorption
wavelength. In our study, the fluorescein’s UV absorption spectrum was obtained using a
spectrophotometer (Model DU 7400, Beckman Instruments, Inc., Fullerton, CA). The wavelength with
the highest UV absorption was used to excite a fluorescein sample in a spectrofluorometer (Spex
Fluorolog-2, Spex Industries, Inc., Edison, NJ) to obtain the emission spectrum. To confirm the
excitation wavelength, the wavelength of the emission peak was recorded for a range of excitation
wavelengths to determine the optimum excitation wavelength of fluorescein using the spectrofluorometer.
In addition, the spectrofluorometer was used to measure emission spectra for a range of excitation
wavelengths to construct a 3D excitation, emission, and FI graph.

Figure 1 shows excitation and emission spectra. From Figure 1, it is clear that the fluorescein
samples should be excited using a wavelength of 492 nm and the filters should be installed to capture the
emission peak of 516 nm. The fluorometer (Sequoia — Turner Fluorometer, Model 450) uses a narrow
band excitation filter NB490 and a short cut emission filter SC515 to optimally excite the sample and to

capture the emission.

Figure 2 shows emission spectra as a function of excitation wavelengths. From this 3D graph, it
is clear that for fluorescein samples there is an optimum excitation wavelength range, and an optimum
emission wavelength range.

The fluorometer (Sequoia — Turner Fluorometer, Model 450) operating manual (Barnstead/
Thermolyne Corporation 1996) suggests that ordinary borosilicate glass tubes may be used as sample
containers when excitation and emission wavelengths are above 320 nm. Synthetic silica cells are
recommended by the manufacturer to transmit lower excitation wavelengths. Hence for our experiments
we chose the less expensive borosilicate glass test tubes.

2.2. The Use of Different Test Tubes

In our laboratory, test tubes were discarded after each use. Therefore, an experiment was
conducted to determine the variation in FI measurements due to the use of different test tubes. Six test
tubes (10 mm diameter, 75 mm long) were filled with deionized water and fluorescence was measured
with the fluorometer at gain settings of 1, 5, 10, 50, 200, and 1000. The test tube with the lowest reading
was taken as the reference sample and the fluorometer was zeroed with that test tube. A separate zeroing
at each gain setting was found to be necessary. FI measurements of all 5 test tubes were recorded. Table
I shows the measurement range of the five test tubes.
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Figure 1. Excitation and emission spectrum of fluorescein obtained using a spectrofluorometer.
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Figure 2. Excitation, emission, and fluorescein intensity graph.




Table 1 shows that at or below a gain setting of 50, there is very little variation (0 — 10 counts) in
background fluorescence of water filled test tubes. However, at gain settings of 200 and greater,
background fluorescence becomes a problem for low fluorescence samples. At a gain of 200, counts
varied from 0-37, and at a gain of 1000, counts varied from 0 —215. Therefore, when using a low
fluorescent sample, the above background counts should be taken into consideration. In experiments, a
fluorometer gain setting of 1 or 5 is routinely used during the measurements of FI, therefore, the variation
due to the use of different test tubes is not considered.

Table 1. Fluorescence comparison of six distilled deionized water filled test tubes
(diameter = 10 mm, length = 75 mm).

Fluorometer Reading (counts)
Gain Measurement Range of 5 Test Tubes
1 0
5 0-1
10 0-2
50 0-10
200 0-37
1000 0-215

2.3. Test Tube Orientation

The effect of the test tube’s orientation in the fluorometer on FI measurement was determined
using two different size test tubes. The objective was to determine whether marked test tubes are needed
for experiments and to determine whether snugly fitting test tubes are needed in fluorometer
measurements.

A 10*75 mm (10 mm diameter by 75 mm long) test tube and a 12*75 mm test tube were filled
with distilled deionized water. For each gain setting, the initial reading was zeroed and the test tube was
rotated randomly to a fixed position and fluorometer readings were recorded. At least five random
position measurements were recorded at each gain setting. Table 2 shows the range of readings obtained
at each gain setting for each test tube.

Table 2 shows that at a gain setting of 50 or greater, the variation in FI measurements was high.
Because 12*75 mm test tube fitted the sample compartment of the Fluorometer snugly, fluorescence
measurements had less variation than the 10*75 mm test tube that had an annular space surrounding it
which left it sitting at an angle to the vertical. It is speculated that the variation in FI measurement is due
to the test tube tilt and possible changes in wall thickness. The effect of wall thickness and wall
properties should be considered when measuring low fluorescing samples.




Table 2. Fluorometer reading range (counts) at each gain
setting for two different sized test tubes at random orientation.

Fluorometer Reading (counts)
Test tube size
Gain 10*75 mm 12*75 mm
1 0 0
5 0 0
10 0 0
50 0-9 0-1
200 0-39 0-5
1000 0-73 0-39
2.4.  The Effect of Aligning the Test Tube in the Fluorometer

The fluorometer manual (Barnstead/Thermolyne Corporation 1996) recommends that when using
round cuvettes, the operator must align them the same way in the instrument every time. Variations in the
glass thickness and properties can be minimized by using this method. This experiment was conducted to
determine the variation in reading when a mark on the test tube was consistently aligned to a mark on the
fluorometer sample chamber. A 10*75 mm test tube and a 12*75 mm test tube were used in this study.

Each test tube was filled with deionized water and aligned in the sample chamber during each
fluorometer measurement. Ten measurements were taken at each gain setting by inserting the test tube
and aligning the test tube in the fluorometer before each measurement. A range of measurements were
obtained and are shown in Table 3. The results show that aligning the test tube in the fluorometer reduces

slightly the variation in fluorometer readings.

Table 3. The range of fluorometer readings at each gain setting: for two
different size test tubes aligned in the fluorometer. N = 10 for each gain.

Fluorometer Reading (counts)
Gain Test tube Test tube
d=10 mm * |I=75 mm d=12 mm * I=75 mm

1 0 0
5 0-1 0-1
10 0-1 0-2
50 0-5 0-2
200 0-11 0-7
1000 0-10 0-31




2.5. Linearity of the Fluorometer Readings below Fluorescence Saturation

This experiment was conducted to determine the linearity of the fluorometer reading as a function
of fluorescein concentration. A 0.0625 mg/mL fluorescein solution was diluted and fluorescence
intensities were recorded and plotted. All solutions used in this experiment are well below the seli-
absorption saturation limit. The fluorometer used in this experiment has an upper limit of 1999 counts for
each gain settings.

Figure 3 shows fluorescence measured by a fluorometer as a function of fluorescein
concentration. This figure demonstrates the linearity of the fluorometer reading. Similarly, Robinson et
al. (1959) showed that the response of the instrument is a linear function of uranine concentration for
solutions with concentrations less than about 0.001 mg/mL.
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Figure 3. Fluorescence intensity measurements as a function of fluorescein concentration.




2.6. The Effect of the pH of a Solution on the FI

This test was conducted to quantify the effects of pH on the observed FI for a solution of
fluorescein. The pH of the solution was varied from 2 to 10 and FI was measured. Hydrochloric acid was
used to lower the pH of the solution and then small amounts of ammonium hydroxide were added to
increase the pH. Fluorometer readings were corrected for the small increase in volume due to the addition
of base to increase the pH. However, corrections were not made for the small amounts of liquid lost each
time we removed the pH meter from the solution.

Figure 4 shows fluorescence as a function of the pH of the solution. The fluorescence is near
zero when the pH is low (acidic) and the readings increase and plateau above a pH of 8. To successfully
detect fluorescein in samples, the pH of samples should be at a level above 8. This experiment shows that
for the same amount of fluorescein, differences in pH give different FI measurements. Solutions that are
compared to each other, therefore, must have the same pH to eliminate errors.
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Figure 4. Normalized fluorescence intensity measurements as a function of pH.




2.7. The Effect of pH on the Emission Curve Shape and the Position of the Peak

This experiment was done to determine whether a fluorescein sample of unknown pH can use the
same fluorometer filters (excitation and emission) to record FI. Therefore, we checked the emission
spectra of two different pH solutions using a spectrafluorometer.

Separate solutions were made, one with a pH of 7 and the other with a pH of 9.8. A small amount
of fluorescein was added to the two solutions. The samples were excited using a wavelength of 492 nm
and the emission spectra were obtained using a spectrofluorometer.

The two emission cures were normalized using the highest counts and compared to each other as
shown in Figure 5. The results showed that the two emission spectra are identical, and the change in pH
from 7 to 9.8 does not change the shape of the emission spectrum or the position of the peak, even
though, the intensities were different. This information allows researchers to use the same excitation and
emission filter set to detect fluorescein in solutions of unknown pH.
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Figure 5. Normalized emission spectra of a pH 9.8 and a pH 7 solution.




2.8. Recovery Procedure of Fluorescein from Glass Fiber Filters.

This experiment was conducted to confirm that the fluorescein recovery procedure from filters is
successful. A measured amount of a prepared solution, Solution A, consisting of propanol, oleic acid, and
fluorescein, was added to filters. The filters were air dried and were then placed individually in test tubes.
Similarly, a measured quantity of Solution A was added to each of six empty test tubes.

A recovery solution was made by combining equal amounts of 2-propanol and water and a small
amount of NH,OH (e.g. 500 mL of 2-propanol + 500 mL of water + 0.5625 mL of 14.8 N NH,OH). Test
tubes with and without the filters and containing 20 ml of the recovery solution were shaken for 1 hour
using a laboratory line table rotator (Lab-line Instruments, Inc., Melrose Park, IL). The FI of each
solution was measured using a fluorometer.

The fluorometer count, FI, was normalized by dividing the fluorometer counts by the weight of
the added fluorescein solution. Figure 6 compares normalized fluorescein removed from the filters and
the fluorescein added to the filters. The results show that the method used for removing fluorescein from
glass fiber filters was successful, i.e., total recovery of the fluorescein from filter samples was obtained.
The small variation of the normalized fluorescence may be due to the variation of volume measured by
the micropipet.
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Figure 6. Normalized fluorescence intensity measurements of
fluorescein removed from filters and fluorescein added to the solution.




Robinson et al. (1959) showed that uranine removal from filters takes only a few minutes. In this
procedure, water was added to the filter, the filter remained in the solution for a few minutes, and then the
liquid was taken for analysis using a fluorescence meter. They claimed a minimum detectable uranine
concentration of 107! g/mL. Stein et al. (1966) report that the fluorescence technique offers a limiting
sensitivity of 107" g/mL.

Fluorometers use apertures with excitation and emission filters. Perhaps, greater sensitivity could
be obtained by removal of these apertures.

2.9, Stability of Fluorescein Solutions over a 12 Day Period.

In most experiments, fluorescein aerosol generation and sampling are performed within a several
hour period. Yet the analysis of fluorescein collected on filters is typically done the following day.
Because the literature (Lodge 1988) states that the fluorescein of many compounds fade very rapidly, this
experiment was conducted to determine the stability of fluorescein over a 12 day period.

Fluorescein samples from actual tests were left in tightly covered test tubes on laboratory benches
over a 12 day period and fluorometer measurements were taken during this time. The laboratory lights
were turned off during nights and weekends, otherwise the samples were exposed to room light.

Figure 7 shows the fluorometer reading of samples over a 12 day period. Results show that the
stability of the test samples over a 12 day period is excellent. The differences in fluorescence are mainly

due to the zero adjustment of the instrument.

2.10. Removal of Fluorescein from Test Tubes during Washing

Because some laboratories re-use the test tubes for fluorescein studies, this experiment was
conducted to determine how efficiently fluorescein can be removed from test tubes by washing.

A solution consisting 3 mL of fluorescein + oleic acid + propanol solution was put in a 10*75
mm test tube and FI was recorded. The original solution was removed and washing was conducted.
Washing was done by adding 3 mL of recovery solution to the test tube, closing the open end with
parafilm , and turning it upside down a few times to remove all the fluorescein from the walls of the test
tube. FI measurements of the wash liquid were taken using the fluorometer. The wash procedure was
repeated until the counts did not decrease with additional washing. The FI measurements were
normalized by dividing the counts by the original count.

The results are shown in Figure 8. The first wash solution has less than 2.0% of the original FI
measurements, and the second wash solution has less than 0.06% of the original FI measurements. Test
tubes can be reused if they are washed properly. However, it is recommended that laboratories verify the
background FI of the test tubes before reusing.
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2.11. Measured vs Calculated Amount of Penetration through Two Aerosol Transpott Tubes

2.11.1. Penetration Efficiency

Using the above methods, an experiment was conducted to determine the penetration efficiency
of two aerosol transport tubes. This experiment was conducted using monodisperse 5, 11, and 15 um
oleic acid particles tagged with fluorescein. Particles were generated using a vibrating orifice aerosol
generator (VOAG-Model 3450, TSI Incorporated, St Paul, MN) mounted on 2 2.5 X2.5X 2.5 ft> box.

The shape of the aerosol transport tube that was tested is shown in Figure 9. Tube 1 is 2 inch in
diameter (I.D.) and 88 inch long and tube 2 is 2.5 inch in diameter (I.D.) and 71 inch long. Tube 1 hada
flow rate of 28.3 L/min and tube 2 had a flow rate of 780 L/min. The experimental setup for this
experiment is shown in Figure 9.

Vibrating Orifice Aerosol
a g / Generator
Reference Filt tjtj
Sampler —————— je——— Box 2.5 ft X 2.5 R X 2.5 f)
To pump4™—
8f_ Fan
Aerosol
Transport / 4
Tube Filter
Filter
\ Tf
Motor
Blower
v

Figure 9. Aerosol transport tube experimental setup and sampling line orientation
for penetration efficiency tests.

Aerosol transport tubes and the reference filter were connected to the side of the box as shown in
Figure 9. The generated aerosol was sampled on a NYBAR coated side and measured using a
microscope. Measured diameter was converted to aerodynamic diameter using the method described by
McFarland et al. (1991). An API aerosol sampler was also used to monitor the aerosol in the chamber
during the experiments. Aerosol samples upstream and downstream of the transport tube were taken on
filters (Type A/E, Gelman Sciences, Ann Arbor, Michigan).
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These filters were put into measured amounts of recovery solution and were shaken on a table
rotator for 1 hr. The amount of fluorescein intensity in the solution was measured using a fluorometer. A
gain setting of 1 or 5 on the fluorometer was used in all experiments. Penetration efficiency was
determined by sampling upstream (C,,) and downstream (Cg,) of the aerosol transport tubes. A reference
filter was used to measure the actual aerosol concentration in the chamber. Relative particle
concentration values C for the filters were calculated using

£V,

C=
04t

(1)

where F is the fluorometer reading, V; is the volume of the solution, O, is the sampling volumetric flow
rate, and ¢ is the sampling time. Transmission efficiency, 7, is given by the following equation.

_Ca
= Z2*100 (2)

W

The calculation program, Deposition version 4.0 (McFarland 1996), does not allow continuous
change in angle, therefore, the program assumed three components: (1) a straight tube 8° to horizontal
(inlet high), (2) a2 37° bend, and (3) a straight tube 45° to the horizontal (outlet low).

The results in Table 4 show that the measured and calculated results agree reasonably well. The
small differences in measured versus calculated values may be due to the assumption of discrete sample
line components in the calculation while the tube used in the experiment is continuous (Figure 9).

Table 4. Measured (mean + one standard deviation) and calculated (Deposition, version 4.0,
McFarland 1996) aerosol transmission efficiencies through two aerosol transport tubes.

Particle Size 5 um 11 pm 15 um
Measured | Calculated | Measured | Calculated | Measured | Calculated
Tube 1
283 L/min | 28273 | 85 | 56£10 475 | 288+43 | 251
Tube 2
780 L/min 90.0+13.2 98.5 96.2+4.5 1925 62.1+2.7 86.6
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2.11.2 Error Analysis

Describing and analyzing uncertainties in single sample experiments are given by Kline and
McClintock (1953) and used in a study by Chandra and McFarland (1997).

In our study, particle concentration is determined by equation 1. The uncertainty interval related
to particle concentration measurements as given by Kline and McClintock would then be given by the
following equation.

e©) _, eZ(F)+e2(VL)+eZ(QA)+ez(t) 3
C - F2 VL2 QAZ tz

where e denotes the uncertainty in the parameter within the parenthesis.

The independent variables are fluorometer readings (F), solution volume (¥;), volumetric
flowrate of air O, and time #. The relative uncertainty in these parameters are estimated to be 0.2%,
0.2%, 2.3%, and 2.8% respectively. Using these values in equation 3, the uncertainty related to particle
concentration is estimated to be + 3.7%.

The transmission ratio is calculated using Equation 2. The uncertainty related to transmission
ratio following the works of Kline and McClintock is given by the following equation. The overall error
in transmission efficiency is estimated to be 5.2%.

eT) . |e(C,) € (C,)
T_i\/C2¢.+CZ 4

w

3. CONCLUSIONS

Our tests confirmed that the procedures used for recovering and quantifying fluorescein from
filters is acceptable. Using the confirmed procedure, our studies showed reasonable agreement between
the experimentally determined penetration efficiency through two tubes and the amount predicted by the
McFarland (1996) model, Deposition, version 4.0.

Our results showed the following:

(1) The optimum excitation and emission wavelengths for fluorescein are 492 and 516 nm respectively.
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(2) For fluorescence intensity (FI) measurements to be accurate, the FI of a sample has to be significantly
higher than the FI of water filled test tubes.

(3) At high gain settings, changes in test tube orientation can affect the FI measurement of low
fluorescence material.

(4) Consistent alignment of the test tube in the fluorometer reduces the variation in FI measurements.

(5) Below the self-absorption limit, the fluorometer readings increase linearly with increasing fluorescein
concentrations.

(6) After the pH of the recovery solution has reached 8, there is no significant effect on FI measurements
for further increase in pH.

(7) The change in pH does not affect the shape or the position of the peak of the emission spectrum.
(8) Our procedure fully recovers fluorescein from glass fiber filters.
(9) Fluorescein samples prepared for fluorometer measurements were stable over at least a 12 day period.

(10) Test tubes can be reused if they are washed properly.
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